a b s t r a c t
Cap Carbonates overlie the Marinoan Snowball Earth-related glacial diamictite, and possibly record the drastic surface environmental change and biological evolution after the Snowball Earth. We conducted on-land drilling from the Liantuo Formation, through the Nantuo, to the lower Doushantuo Formation in the Three Gorges area of South China to collect fresh, continuous samples in the Three Gorges area. We C values from the upper C2 to C3 units indicates enhancement of primary productivity and organic carbon burial, possibly due to high continental fluxes after the Snowball Earth event, evidenced by high Sr isotope values. The increase is restricted to the proximal side of the inner shelf in South China, and the timing of the increase of d
C values of
carbonates is earlier at Three Gorges area than any other area, suggesting that the enhancement of primary productivity started in the proximal environment because of higher continental influxes. The increase in oxygen contents of seawater due to the enhanced primary productivity possibly resulted in the emergence of multicellular animals soon after Cap Carbonate deposition.
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Introduction
The Snowball Earth hypothesis describes one of the most interesting events of geologic time because of the drastic environmental change and the subsequent dramatic biological evolution it implicated (Kirschvink, 1992; Hoffman et al., 1998) . Although the causes that ended the Snowball Earth are still controversial, the worldwide occurrence of Cap Carbonate following the event indicates that seawater was supersaturated in carbonate (e.g. Hoffman et al., 1998; James et al., 2001; Hoffman and Schrag, 2002; Nogueira et al., 2003) . It also suggests quite high atmospheric temperatures, an acidic terrestrial environment, and extensive continental weathering (e.g. Hoffman and Schrag, 2002; Ohno et al., 2008; Sawaki et al., 2010) .
The origin of the Cap Carbonate still remains controversial: cf. the Snowball Earth hypothesis (Hoffman et al., 1998; Hoffman and Schrag, 2002; Higgins and Schrag, 2003) , the upwelling model, by which upwelling of deep water with high alkalinity and low d
13
C DIC values in a stratified ocean resulted in carbonate precipitation (Grotzinger and Knoll, 1995; Knoll et al., 1996; Kaufman et al., 1997; Ridgwell et al., 2003; Shields, 2005; Giddings and Wallace, 2009) , the methane hypothesis (Kennedy et al., 2001; Jiang et al., 2003 Jiang et al., , 2008 Lin et al., 2011) , and the low p(O 2 ) model (Sansjofre et al., 2011) .
The Cap Carbonates contain enigmatic sedimentary structures, such as tepee-like structures (Aitken, 1991; James et al., 2001; Allen and Hoffman, 2005; Gammon et al., 2005; Jiang et al., 2006) , sheet cracks (Kennedy, 1996; Jiang et al., 2006; Hoffman and Macdonald, 2010) and tube-like structures (Cloud et al., 1974; Hegenberger, 1993; Corsetti and Grotzinger, 2005) . Framboidal pyrite, barite, and pseudomorphs of radial aragonite replaced by dolomite (Jiang et al., 2003 are also diagnostic. The lower part of the carbonate consists of microcrystalline dolostone and dolowackestone, and possesses stromatactis-like cavities, tepee-like structures, and sheet cracks (Jiang et al., 2003 Wang et al., 2008) , whereas the upper part comprises laminated dolostone, shaly dolostone and limestone. Peloids are common, and faint microbial laminae and stromatolites are locally present (Jiang et al., 2010) , although a depositional environment below fair-weather wave base is suggested by lack of grainstone and other shallow water features (Jiang et al., , 2010 (Zhu et al., 2007a) , as reported in South China (e.g. Jiang et al., 2003 Jiang et al., , 2007 Jiang et al., , 2010 Condon et al., 2005; Zhu et al., 2007b; McFadden et al., 2008; Wang et al., 2008; Tahata et al., 2013) , Australia , Oman (Fike et al., 2006; Le Guerroué et al., 2006) , Canada (Narbonne et al., 1994; Kaufman et al., 1997) , Namibia (summarized by Hoffman et al., 2007) , Siberia (Melezhik et al., 2009) , Mongolia (Macdonald et al., 2009) and India (Kaufman et al., 2006) . In particular, d
13 C carb values down to À41& in the middle part (Jiang et al., 2003 , À44& in the lower part, and À48& in the upper part of the Cap Carbonate are observed in South China, indicating the involvement of methane hydrate (Jiang et al., 2003 Kennedy et al., 2008; Wang et al., 2008) . However, the timing of the formation of the low d 13 C carbonates is controversial. Previous work considered the formation of the large negative d 13 C anomalies to be simultaneous with deposition of the Cap Carbonate, implying that decomposition of methane hydrate terminated the Snowball Earth (Jiang et al., 2003 Wang et al., 2008) . On the other hand, recent reappraisals have shown the formation of the carbonates with the low d
13 C values to postdate the formation of the Cap Carbonate (Zhou et al., 2010; Bristow et al., 2011; Lin et al., 2011 Jiang et al., 2003 Jiang et al., , 2010 Hoffman et al., 2007; Tahata et al., 2013) .
In Namibia, the different d 13 C variations in the Cap Carbonate are well explained by a diachronous deposition model (Hoffman et al., 2007) . However, the Cap Carbonates in South China are present from the proximal margin of the inner shelf, through the continental slope, to the basin (e.g. Jiang et al., 2011) . Their 13 C values occurring in the proximal environment compared to those in distal settings (Zhou et al., 2004; Shen et al., 2005; Jiang et al., 2010) . Zhou et al. (2004) attributed the difference to ocean stratification or temporal diachroneity.
We conducted an on-land drilling program in South China to systematically collect continuous sequences from the Ediacaran to the Cambrian, from the proximal margin of the inner shelf, through the distal shelf margin, to the slope. The drilling enables us to collect relatively continuous, fresh samples for comprehensive geochemical studies (Ishikawa et al., , 2014 Komiya et al., 2008; Ohno et al., 2008; Sawaki et al., 2008 Sawaki et al., , 2010 Tahata et al., 2013) . This work presents high-resolution d 13 C and d
O
values from core samples drilled through the post-Marinoan Cap dolostones of the Doushantuo Formation in Three Gorges area of South China in order to show that higher primary productivity was recovered earlier in the proximal environment due to higher continental fluxes.
Geological outline
Neoproterozoic to Cambrian strata are widespread in South China. Paleogeographic reconstructions of the Yangtze area indicate a southeast-facing Ediacaran Yangtze platform, which comprises a shallow marine shelf to deep basin environment (Zhu et al., 2003 (Zhu et al., , 2007b Jiang et al., 2007 Jiang et al., , 2011 . The strata were deposited in a rift basin between the Yangtze and Cathaysia blocks, which had formed by the break-up of Rodinia around 750 to 690 Ma (Li et al., 1999; Wang and Li, 2003) , and are well exposed in several sections that provide an NWeSE profile from the interior platform into the basin (Fig. 1a) . In addition, the strata are famous for their many fossils, including animal embryos, algae, acritarchs and sponges (Xiao et al., 1998 Yin et al., 2007; Zhou et al., 2007; McFadden et al., 2008; Du et al., 2015; Yin et al., 2015) . The Three Gorges area, located ca. 30 km west of Yichang on the Yangtze River, exposes Cryogenian to Cambrian strata that were deposited on the western Hubei platform around the Huangling Anticline (Fig. 1a, b) . The depositional environment is suggested to be a locally deep part of an inner continental shelf (Vernhet, 2007) . The lithologies make up (in ascending order) the Liantuo, Nantuo, Doushantuo, Dengying, Yanjiahe, Shuijingtuo and Shipai formations, which lie on a basement of Cryogenian granite (Ma et al., 1984) . The Doushantuo Formation is ca. 220 m thick and overlies glacial diamictite in the Nantuo Formation. It is subdivided into four members: the Cap Carbonate, and Members II to IV, in ascending order. The detailed lithostratigraphy is described elsewhere Tahata et al., 2013) . The Cap Carbonate Member is composed of a ca. 5 m-thick dolostone characterized by unusual sedimentary features such as stromatactis-and tepee-like structures, sheet cracks, and barite fans (Jiang et al., 2003; Zhou et al., 2004) . Member II is a ca. 125 m-thick intercalation of black shale and subordinate thin-bedded dolostone with abundant siliceous nodules. Member III, which is dominated by dolostone in the lower part and limestone in the upper part, consists of a ca. 80 mthick intercalation of black shale and medium-to thick-bedded carbonate. The 6 m-thick Member IV is composed of black shale and is extremely enriched in organic carbon. The age of the Doushantuo Formation in the Three Gorges area is constrained by zircon U-Pb ages of three ash beds. The U-Pb zircon dates range from 635.2 AE 0.6 Ma for an ash bed within the Cap Carbonate through 632.5 AE 0.5 Ma for an ash at the bottom of Member II, to 551.1 AE 0.7 Ma for an ash from the top of Member IV (Condon et al., 2005) . The ages of the last two ash beds were also determined by SHRIMP dates, which are comparable with those of previous workers (Yin et al., 2005; Zhang et al., 2005) .
The lithofacies of the Cap Carbonate of the Doushantuo Formation varies both stratigraphically and laterally. It is divided into three units based on sedimentological structures (Jiang et al., 2003) . The lower unit (C1) is 1e1.9 m thick, strongly disrupted, and 
Method

Sampling and sample preparations
We carried out drilling at Site 2 (30 47 0 3.75 00 N, 111 2 0 3.10 00 E) in the Aijiahe-Wuhe area of the Three Gorges region (Fig. 1 ) and acquired drill core samples from the upper Liantuo Formation to the bottom of Member II of the Doushantuo Formation (Fig. 1c, d ). Although the recovery percentage of the drill core was low in the middle part of the Cap Carbonate, the drill core samples contain all the three units of the Cap Carbonate. We made thin sections of the core samples for microscopic observations in order to describe the amounts of detrital minerals, occurrence of cements, and extent of post-depositional alteration. In order to analyze carbon and oxygen isotope compositions, powdered samples were prepared from fresh-cut surfaces of the drill cores using a micro-drill with a 3 mmdiameter bit. The sampling points were carefully selected to avoid late stage diagenetic carbonate minerals and veins. We made 156 rock powders from the drill core at Site 2 (Table 2) .
Isotope analysis
All samples were analyzed with a Thermoquest DELTA Plus XL coupled with a GasBench II preparation device at the Tokyo Institute of Technology (modified from Révész and Landwehr, 2002 AE0.2& and AE0.3& respectively. Details of the analytical methods are described elsewhere .
Results
Lithostratigraphy of Cap Carbonate in the drill core samples and outcrops
We classified the Cap Carbonate of the drill core samples into three units: C1, C2 and C3 (in ascending order), according to the subdivision proposed by Jiang et al. (2003 Jiang et al. ( , 2006 (Fig. 2) . The lowest unit (C1) of the drill core samples is dolomicrite, containing stromatactis-like cavities, and is highly disrupted. The unit is mainly composed of microcrystalline and blocky dolomite.
Many grains of detrital quartz and fractures were observed in the drill core samples (Fig. 3a, Jiang et al., 2006) . Some carbonates are partly replaced by silica. In particular, the rims of the cavities are highly silicified, and silicified domed structures are also found. The cavities are lined with isopachous cements and contain internal sediment of microcrystalline dolomite and finegrained quartz silt, isopachous cements of aggregates of very fine acicular needles, and equant calcite and dolospar. In fresher samples, large amounts of organic matter and sulfide are observed in the cavities, similar to the outcrop samples of Siduping and Yuanling (Fig. 3d, e) . The middle unit (C2) of the drill core samples consists of laminated dolomicrite. Although its occurrence is disputed (Jiang et al., , 2010 , microbial laminae including stromatolite and sheet cracks are observed in the corresponding outcrops. In contrast to the C1 unit, the carbonate matrix of the C2 drill core samples is not silicified and no detrital grains were found. Needle-like crystals, which are putative pseudomorphs of aragonite, were found in the drill core samples (Fig. 3b) . The upper unit (C3) of the drill core samples is argillaceous dolomicrite with thin laminae and black bands that are enriched in organic matter, and comprises mainly microcrystalline dolomites (Fig. 3c) .
Carbon and oxygen isotope values in the Cap Carbonate of the drill core samples
We analyzed carbon and oxygen isotope ratios of the drill core samples (Fig. 2, Table 2 ). Fig. 2 shows the d 13 C and d
18
O variations in carbonates from the uppermost part of the Nantuo glacial Figure 2 . Lithostratigraphy of the Doushantuo Cap Carbonate in the drill core samples, Three Gorges area. According to sedimentary structures (Jiang et al., 2003 , the Cap Carbonate is subdivided into three units: C1, C2 and C3 in ascending order. (Fig. 2) .
In the lower part of the C2 unit, the d
13 C values are continuous from the C1 unit, and are stable around À3&. But, in the middle part, the d 13 C values are highly scattered, and quite low d
13 C values down to ca. À24& are present (Fig. 2) . In the upper part, the d 
Discussion
The carbon isotope variations through the Cap Carbonate
The carbon isotope variation of the drill core samples through the Cap Carbonate in the Three Gorges area shows certain charac- 18 O values in the C1 unit (Fig. 2) .
It is well known that there are quite large negative d
13 C anomalies in some sections in South China (Jiang et al., 2003 Wang et al., 2008) . Although the timing of the formation of these negative d 13 C anomalies is controversial (Zhou et al., 2010; Bristow et al., 2011; Lin et al., 2011) , they are considered to provide evidence for the involvement of methane during Cap Carbonate formation (Jiang et al., 2003 Wang et al., 2008) . Our fresher drill core data support the presence of the d 13 C anomalies, and show that the occurrence of the anomalously low d
13 C values is widespread, and can be observed in all three units (C1 to C3) even in a single section. In addition, the signature of methane involvement, namely a negative d
13 C anomaly, is also found in the Nantuo glacial diamictite, as well as just 20 cm above the boundary between the glacial diamictite and the C1 unit (Fig. 2) . Zhou et al. (2010) described a laterally erosional surface in Baizhu and Jinhe, karstic topographic relief with barite fans, and dissolution surfaces in dolostone, and emphasized that the Cap Carbonate was exposed at the boundary between the C1 and C2 units. The occurrence of stromatactis-like cavities across the C1 and C2 boundaries within the core of tepee-like structures does not support an unconformity between the C1 and C2 units all over South China. In addition, the consistency of the d 13 C (Jiang et al., 2003 Wang et al., 2008) , and shows some obvious differences: (1) higher d
13 C values in inner shelf than in the outer shelf, slope and basin (Zhou et al., 2004; Shen et al., 2005) ; (2) 13 C values started earlier in the Three Gorges area than elsewhere. In the proximal margins of the inner shelf, photosynthetic activity was fully recovered in the upper part of the C2 unit. The occurrence of stromatolites and microbialites in the C2 unit supports the onset of photosynthetic prosperity in this unit. High Sr isotope values from 0.7107 to 0.7092 Sawaki et al., 2010) indicate high continental fluxes during Cap Carbonate deposition, whereas high phosphorus contents in carbonate minerals show that the Ediacaran seawater was enriched in phosphate (Shimura et al., 2014) . As a result, the greater supply of nutrients such as phosphorus from continents possibly promoted photosynthetic activity. The continental influx of phosphorus was more abundant at the proximal margins of the inner shelf so that the recovery of photosynthetic activity started earlier here. The recovery of photosynthetic activity, accompanied by an increase in burial of organic matter (Jiang et al., 2010) , resulted in an increase in the oxygen contents of the surface environment, consistent with the negative Ce anomaly in the Cap Carbonate and the upward-increase of this anomaly through the Doushantuo Formation . At the same time, paleontological evidence of numerous multicellular animals and algae at the base of Member II of the Doushantuo Formation (Yin et al., 2007; Zhou et al., 2007; McFadden et al., 2008) supports the early recovery of the multicellular algae and the occurrence of the oldest Metazoa in the proximal area in the earliest Ediacaran, and suggests that the early recovery of photosynthetic activity led to the emergence of Metazoa just after Cap Carbonate deposition.
Conclusions
We report the first high-resolution d (Jiang et al., 2003) , Jiulongwan , Wangzishi for inner shelf, Zhongling (Jiang et al., 2010) , Yangjiaping (Jiang et al., 2003) for outer shelf, Siduping (Jiang et al., 2003) for slope and Yuanjia (Jiang et al., 2010) for basin. The comparison displays some obvious differences: (1) higher d Gorges area is earlier than in any other section, suggesting that higher continental fluxes at the proximal margin of the inner shelf promoted the recovery. The enhanced primary productivity and organic carbon burial led to an increase in the oxygen contents of surface seawater and the accumulation of dissolved organic carbons. The increase in oxygen contents in the shallow marine environment favored the emergence of multicellular animals in South China.
